1.5 m depth at 20 random locations in the plot, six times following chemical application. The six sampling dates were days 118, 128, 145, 167, 209, and 272 . Soil cores were collected at intervals of 0 to 0.01, 0.01 to 0.15, 0.15 to 0.3, 0.3 to 0.45, 0.45 to 0.6, 0.6 to 0.9, 0.9 to 1.2, and 1.2 to 1.5 m. On the last sampling date (day 272), the top 0.15 m was sampled as one layer. The soil core samples were analyzed for atrazine, metolachlor, and bromide concentrations, as well as for gravimetric moisture content, pH, and organic matter content (in the top 0.3 m). Daily rainfall for the 157-day study period is shown in figure 2. There was 365 mm of precipitation in the first 34 days of the study period.
SOIL TEXTURE SAMPLING
Additional soil samples were collected in June 1994 on a 8 × 8 m grid from an area of 48 × 32 m encompassing the two plots, to determine soil textural variations at the site. The location of the sampling grid, in relation to the location of the two plots of the 1990 field study (Heatwole et al., 1992 (Heatwole et al., , 1997 ) is shown in figure 1. Soil cores were taken from the 35 grid points at 0.15 m increments to a depth of 0.9 m using a 0.07 m diameter, 0.15-m long stainless steel tube sampler. Samples at the four corners of the grid were taken to a depth of 1.5 m. The soil samples were analyzed for particle size using the pipette method (Gee and Bauder, 1986) .
TREND SURFACE ANALYSIS
Trend surface analysis is a statistical procedure used to partition the variance of a spatial random variable into two orthogonal components, one due to regional effects and the other due to local effects (Davis, 1986) . The partitioning is usually achieved by estimating the variable using a polynomial equation in two perpendicular spatial axes. The coefficient of determination of the polynomial equation is an estimate of the proportion of variation explained by regional effects, and the rest of the variation is attributed to local effects and unexplained random variations. The polynomial equation is called a trend surface since it indicates any "regional" trends inherent in the data. Subtraction of this regional trend from the raw data gives a residual for each point. If there is no a priori reason for representing the local component by a particular distribution or if the local component is negligible, then it is combined with the error component, and together designated as the residual.
A trend surface model for the random response variable, Z, is given by (Cooke et al., 1994) :
where R K is the regional component of the Kth observation, and ε K is the error component of the Kth observation, which may include a local component. Perpendicular spatial coordinates are x and y, m is the order of the trend surface, and β i+j are coefficients. Trend surface analysis consists of determining the coefficients of the equations for the regional effects and testing inferences about them, and separating the local variations from the error component if they are of interest. Trend surface analysis was performed using the routine of Cooke et al. (1994) , which computes trend surfaces using least-squares, reweighted least-squares, least median of squares, and least trimmed squares procedures. The last three are robust procedures that are less susceptible to nonGaussian residuals or Gaussian residuals with outliers. In this study, results were based on the least-squares method as the data were approximately Gaussian and the leastsquares to reweighted least-squares efficiency ratio (Cooke et al., 1994) was low in most cases. For both the least squares and the reweighted least squares procedures, the routine performs an F-test to test the significance of each equation and a partial F-test (Davis, 1986) to test the significance of increase in fit due to a higher order model. While the coefficient of determination can be increased by increasing the order of the trend surface, the p+1 order model is selected only if the fit, as well as the increase in fit of the p+1 model over the p model, is found to be statistically significant at a prescribed confidence level (α = 0.05 in this case). Based on the number of observations, we decided not to fit trend surfaces higher than third order for particle size and pH data and second order for moisture content and chemical data, although it was theoretically possible to fit higher order trends.
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DEPTH AVERAGING OF SOIL PROPERTIES
Particle size distribution and other soil properties were not uniform with depth, and these depth variations were removed before performing the trend surface analysis. The original data were arithmetic-averaged over depth to obtain a single depth-averaged value for each x, y location. Bresler et al. (1984) identified depth-averaging of soil property to be the most appropriate method for identifying variations along the horizontal plane.
The depth-averaged value of a soil property was obtained by calculating a depth-weighted average of the variable for each sampling location, and is expressed mathematically as:
is the depth-averaged value for the ith location, V i (x i , y i , z j ) is the data at ith location and jth layer, and d j is the thickness of the jth layer. For particle size data, i = 1, 2, . . . , 35 and j = 1, 2, . . . , 6, and for moisture content data, i = 1, 2, . . . , 20 in each plot, and j = 1, 2, . . . , 7. Trend surfaces for pH were calculated by combining the depth-averaged data from the two plots (area of 42 × 27 m) under the assumption that tillage impacts on pH can be ignored. This resulted in a larger sample size (40 samples), and gave a better representation of the variability along the horizontal plane. Moisture content and depth to center of bromide mass from the two plots, however, were not combined for the trend surface analysis as the effect of tillage may be significant for those variables.
DEPTH TO CENTER OF MASS
The depth to center of mass, used as an indicator of bromide movement, was calculated from bromide concentrations in the various depth layers as:
where z c is the depth to center of bromide mass from the soil surface, C i is bromide concentration in the ith layer, d i is the thickness of the ith layer, and z i is the depth to center of ith layer from the soil surface.
RESULTS AND DISCUSSION

SOIL TEXTURE
Particle size distribution is summarized in table 1. The increase in mean clay content to 0.45 m and a decrease in mean clay content below 0.45 m indicate the presence of an argillic horizon, which is typical of Hapludult soils. The depth of maximum clay content varied across the study area ranging from the 0.15 to 0.3 m layer to the 0.9 to 1.05 m layer, with the most occurrences in the 0.3 to 0.45 m layer (15 out of the 35 sampling points).
Trend surface analysis was performed on depthaveraged sand, silt, and clay content in the upper 0.9 m of the soil profile. The depth-averaged sand, silt, and clay content had greatly reduced variance (less than half) as compared to variance calculated from raw data combined for the six layers (table 1). The results from the trend surface analysis of depth-averaged particle size data are given in table 2; the order of the best fitting polynomial, determined from the tests of significance, are given along with the corresponding trend equation coefficients and coefficient of determination. Sixty-eight percent of the variability in sand was explained by the parabolic (second order) trend shown in figure 3a. Sand content was highest in the south west quadrant of the study area, decreasing to the north and to the east. The parabolic trend surface of clay content ( fig. 3b ) complements the sand content trend, with clay content increasing from the southwest quadrant to the north and to the east.
The residuals of these parabolic trend surfaces were random and had a zero mean (table 1) . A semivariogram analysis of the particle size residuals indicated a pure nugget effect (Isaaks and Srivastava, 1989, pg. 305-307) , which signifies a lack of spatial correlation.
The strong planar trends of sand, silt and clay content, along with depth variations in these properties, show that soil in the study area was highly variable. This level of heterogeneity, however, is not uncharacteristic of soils in the Coastal Plain region, soils formed by a combination of fluvial and marine action (W. J. Edmonds, 1996, personal communication) . The planar variations can be best explained by the accretion of sediments as a result of fluvial meandering streams and cross-stratification that commonly occurs as part of coastal clastic sedimentation (Matthews, 1974) . While the depthwise increase in clay is likely due to eluviation of clay, the spatial variability in depthwise variations may be linked to the above-mentioned soil formation processes in the Coastal Plain.
SOIL MOISTURE CONTENT AND SOIL pH
Soil moisture content and soil pH data from the 1990 field study showed distinct patterns in the deeper layers (table 3, 4). Moisture content in the 0.45 to 1.2 m depths on all sampling dates except day 118 were consistently higher in the tilled plot, a response that could not be readily attributed to tillage effects. The t-test (Ott, 1993) showed many of the differences in the 0.45 to 1.2 m depth to be statistically significant at the 95% significance level (table 3) . Higher soil moisture content in the top 0.3 or 0.45 m of the no-till plot may be due to higher infiltration rate found in no-till soils as compared to tilled soils. Also, higher infiltration rates and the possible compounding effect of macropores may have contributed to the higher moisture content throughout the no-till profile on day 118 as compared to the tilled profile.
Soil pH on all dates and depths were higher in the TP plot as compared to the NT plot. While the lower pH in the top 0.15 or 0.3 m of the no-till plot could possibly be attributed to tillage effects, the same cannot be said about the subsurface pH differences between the plots. Most of the differences between the plots were statistically significant at the 95% significance level (table 4). The differences in mean gravimetric moisture content and pH in the deeper layers indicate differences between the adjacent plots due to a factor other than tillage. Soil moisture content and pH data from the two plots also show distinct depthwise variations. Soil moisture content increased to the 0. was either 0.3 to 0.45 m or 0.45 to 0.6 m. These depth variations may be related to the eluviation of clay, seen in the particle size data. Trend surface analysis of moisture content and pH data were performed on depth-averaged data (excluding data from the 0 to 0.01 m depth layer), calculated for the six sampling dates. The moisture content trends in the TP plot were all linear while all significant trends in the NT plot were parabolic. The trends accounted for 60% to 89% of the total variability in moisture content in the two plots (table 5) . Trends for days 128 (linear) and 167 (parabolic) are shown in figure 4 . The trend in the TP plot on day 128 shows an increase in moisture content downslope towards the north edge of the plot (fig. 4a) . Linear trends in the TP plot on other dates also show an increase in moisture content downslope. The parabolic trends in the NT plot were more complex ( fig. 4b, 4d) , and show an increase from the middle of the plot to the sides. Trend surfaces of moisture content are calculated for a smaller area with fewer observations (n = 20) and thus are more subject to edge effects and are less reliable than trend surfaces of pH (n = 40), and trend surfaces of sand and clay content (n = 35). The consistently higher moisture contents found in the TP plot in the 0.45 to 1.2 m depth layers is probably related to the trends in texture. The moisture content trends may also have been affected by the 2% slope to the north side of the plots.
The soil pH trends were mostly linear (first order), and accounted for 22% to 64% of the total variability of pH in the combined plot area (table 5). The linear trend of pH on day 128 is shown in figure 5 , and is representative of trends found for other dates. Soil pH increases from the northeast to the southwest corner of the study area, which corresponds to the trend in clay content. The difference in pH from one end of the 42 × 27 m area to the other end was sometimes close to one unit. The pH trend indicates that the distinct difference in pH between the plots (table 4) is not simply due to random variance in the sample data.
BROMIDE -DEPTH TO CENTER OF MASS
As a secondary objective, we examined if spatial trends in soil texture, moisture content, and pH had an impact on chemical movement in the soil profile. Depth to center of mass of the non-reactive tracer, bromide, in the 20 sampling locations in each plot (table 6) was taken as an indicator of chemical movement in the soil profile. Trend surface analysis was performed on the bromide data from the two plots for six sampling dates. None of the trends were found to be significant indicating that spatial trends in sand and clay content, moisture content, and pH, did not have an observable impact on chemical movement. To illustrate the lack of a consistent pattern, or trend, in the data, contours of bromide depth to center of mass for two dates are shown in figure 6 . This result is not totally unexpected as other forms of variability, such as extrinsic variability due to chemical application and rainfall, will also influence the variability of chemical movement in soil. Apart from a correlation of 0.3 between moisture content and bromide concentrations in the NT plot on all depths of day 118, correlation analysis on the raw data did not show any consistent correlation between chemical concentration in soil and moisture content or pH.
DISCUSSION
This study shows that spatial variability of soil properties in the Coastal Plain can be very high and spatial trends can occur even at small scales (less than 1/6th of a hectare). It demonstrates the need for detailed site characterization before field studies to detect any marked spatial variability at a given site. The presence of spatial trends can be detected by taking samples on a systematic grid; at this site, a systematic grid of 16 m interval with 12 sampling points would have been adequate to detect the presence of textural trends. This information can help determine the suitability of the site for a particular field study, and can be used in developing a statistical design which accounts for the effects of the variability.
The result also has implications on simulating water and chemical transport in such soils, where the spatial variability of soil properties must be considered in the modeling process. In heterogeneous fields such as the one described in this article, modeling subsurface water and chemical transport by treating the field as uniform may lead to significant deviations from the actual response of the field.
SUMMARY AND CONCLUSIONS
Spatial variability of particle size, moisture content, and pH across an agricultural field of less than 1/6th ha (48 × 32 m) in the Virginia Coastal Plain was examined using trend surface analysis. Sixty-eight percent of the total variability in sand content and 31% of the total variability in clay content was explained by regional parabolic trends. A semivariogram analysis showed no spatial correlation in the residuals of the particle size data trend surfaces.
Soil moisture and pH measurements also showed spatial trends at the study site. Statistically significant differences in subsurface moisture content and pH between the plots, found in an earlier study (Heatwole et al., 1992) , can be attributed to these trends. The spatial trends in soil properties, however, did not translate directly into spatial trends in depth to center of bromide mass, indicating the influence of other factors in the variability of chemical distribution in the soil.
This study shows that spatial variability of soil properties in the Coastal Plain can be significant, even across an area of less than 1/6th ha. This implies that specific effort is required in the initial site characterization for a field study to identify spatial variability and trends. Trend surface analysis can be an important tool in such 1282 TRANSACTIONS OF THE ASAE situations. A good statistical design must then be employed to try to remove the effects of the variability if the site is to be used to investigate treatment effects. When simulating water flow and chemical transport in such soils using computer models, the spatial variations in soil properties should also be taken into account to obtain realistic estimates of the output variables.
